Receiver functions sampling the Sierra Nevada batholith and adjacent regions exhibit signifi cant variations in the structure of the crust and upper mantle. Crustal Vp/Vs values are lower in the core of the batholith and higher in the northern Sierra Nevada, portions of the Basin and Range, and near young volcanic fi elds in the eastern Sierra Nevada and Owens Valley. P-to S-wave conversions from the Moho vary from high amplitude and shallow (>25% of the direct P-arrival amplitude, 25-35 km depth) along the eastern Sierra Nevada to low amplitude and deep (<10%, 45-55 km) beneath the western batholith. We propose that dense mafi c-ultramafi c residue has foundered in the east-central and southern Sierra Nevada but still resides beneath its western portion. The central and northern Sierra Nevada shows inherited, prebatholithic structure at the Moho that was not completely overprinted by emplacement of the massive end-stage batholith. Evidence for the development and/ or loss of substantial residue in the northern Sierra Nevada is equivocal. The asymmetric structure of the lithosphere beneath the central Sierra, which we model using constraints from petrophysical analyses, suggests that foundering progresses from southeast to northwest. This process sharpens the seismic response of the Moho by removing its underlying lithospheric mantle and allows upwelling asthenosphere to replace the detached material. Deep crustal seismicity and recent volcanism observed to 38° N appear linked to this process and correlate spatially with the change in the character of the Moho, measurements of high crustal Vp/Vs, and presence of prominent negative conversions in the crust and uppermost mantle.
INTRODUCTION
Formation and eventual foundering of dense eclogitic residues or "arclogites" (Anderson, 2005) subjacent to Cordilleran arc volcanism play an important role in steering orogenesis and separating felsic continental crust from its basaltic source (Kay and Kay, 1991; Ducea, 2001; Kelemen et al., 2003; DeCelles et al., 2009) . A type locality for this process, the Mesozoic-age southern Sierra Nevada batholith in western North America, retained its corresponding residual mass until relatively recently (e.g., Ducea, 2001) . Following the demise of the subducting Farallon plate and development of a dextral transform that persists today (Dickinson and Snyder, 1979) , gravitationally unstable lower crust and lithospheric mantle foundered beneath the southern Sierra Nevada and was replaced by buoyant asthenosphere Saleeby et al., 2003; Zandt et al., 2004) . This process may explain why the region maintains a high elevation in the absence of tectonic compression (e.g., Wernicke et al., 1996) . This study uses images of seismic structure to place new constraints on the geologic and tectonic state of the Sierra Nevada, gain insight into the foundering process, and explore evidence for ongoing foundering northward along the range.
Geologic and Tectonic Overview
The Sierra Nevada consist of westward sloping, fl uvially and glacially incised igneous and metamorphic rocks, which extend east from the Great Valley and terminate along a 2-4+ km high crest bordered by normal faults that comprise the westernmost Basin and Range (Christensen, 1966; Bateman and Eaton, 1967; Bateman, 1988) (Fig. 1) . The basement in the Sierra Nevada comprises ophiolitic assemblages and mélange sediments of Paleozoic-age and younger accreted to the continental margin and intruded by massive, mostly Mesozoic-age plutons during ocean-continent subduction (Dickinson, 1981; Saleeby, 1992; Ducea, 2001; Dickinson, 2008) . A Jurassic-age accretion formed the heavily faulted Foothills Metamorphic Belt along the western edge of the central and northern Sierra Nevada (Schweickert et al., 1984) . Granitoid plutons dominate the basement in the southern and central batholith but distribute more diffusely to the north (Bateman and Eaton, 1967; Bateman, 1988) . The exposed batholith trends toward more mafi c compositions in its western exposures (Bateman and Eaton, 1967) , with widespread cumulates present to the axis of the Great Valley (Saleeby, 2007) . Voluminous arc magmatism that created the majority of the batholith appears confi ned to distinct phases ca. 160-150 Ma and 100-85 Ma (Ducea, 2001) .
Flat subduction during the Laramide extinguished the magmatic arc, dismembered the root of the batholith across the Mojave, and triggered exhumation of the southernmost Sierra Nevada; other parts of the range remained largely undisturbed until ca. 30 Ma (Malin et al., 1995; Saleeby, 2003; Chapman et al., 2010) . The formation and northward migration of the Mendocino triple junction and development of the San Andreas fault halted subduction and opened a slab window beneath the region (Dickinson, 1979; Dickinson, 1981) . Tectonic reconstructions (e.g., Atwater and Stock, 1998) show
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that the southern edge of the subducting Juan de Fuca plate passed beneath the southern Sierra Nevada at 20-15 Ma, cleared the central Sierra Nevada by 5 Ma, and is currently positioned just north of Lake Tahoe in agreement with teleseismic tomography (e.g., Schmandt and Humphreys, 2010) . A westward sweep of basaltic andesite and dacite magmas into the central and northern Sierra Nevada from ca. 20-15 Ma records the emergence of the ancestral Cascade arc between Yosemite National Park and Lake Tahoe (Busby et al., 2008; Cousens et al., 2008; Busby and Putirka, 2009 ). Basaltic magmas erupted through the southern and central Sierra Nevada and adjacent Basin and Range beginning in the Miocene (Manley et al., 2000) . A Pliocene-age episode of potassic volcanism in the central and eastern Sierra Nevada indicates melting and remobilization of Precambrian mantle lithosphere and was followed by basaltic and bimodal eruptions across the eastern Sierra Nevada and Walker Lane (Manley et al., 2000; Farmer et al., 2002) . temporal evolution in the composition, density, temperature, and dimension of the lower crust and mantle lithosphere. Volcanism across the central Sierra Nevada at ca. 10-8 Ma produced xenoliths sampling a lithospheric column >100 km thick containing mafi c granulite, garnet-clinopyroxenite, ultramafi c websterite, and garnet-peridotite (Mukhopadhyay and Manton, 1994; Ducea and Saleeby, 1996) . The crustally-derived xenoliths record eclogite facies conditions beginning at ~40 km depth, sample crustal material to as deep as 65-70 km and preserve residual assemblages consistent with extraction of felsic melts Saleeby, 1996, 1998a) . Xenoliths from the Quaternary-age volcanic centers, located just east of the Miocene-age locations, sample only lherzolite and harzburgite from as shallow as 35 km depth. These record pressure-temperature (P-T) conditions of 1200 °C at 1-1.2 GPa, indicating that convective asthenosphere encroaches on the crust-mantle boundary beneath the eastern Sierra Nevada . The garnet-rich residuum beneath the central Sierra Nevada equilibrated almost entirely during the Cretaceous (Ducea and Saleeby, 1998a) . Due to the extremely high density (~3500 kg/m 3 ) of rock type, Saleeby (1996, 1998b) suggest that foundering of this material allowed for an upwelling of asthenosphere and corresponding density reduction needed to elevate the range. Invading asthenosphere represents a potential trigger for the extension and volcanism occurring since the Pliocene in the eastern Sierra Nevada and western Basin and Range .
Evidence for Lithospheric Removal
Many geophysical investigations Fliedner et al., 1996; Ruppert et al., 1998; Jones and Phinney, 1998; Zandt et al., 2004) corroborate the lack of mantle lithosphere and isostatic crustal root beneath the southern Sierra Nevada. The predominantly granitoid crust is likely supported by a region of seismically slow, conductive, buoyant asthenosphere Savage et al., 2003; Park, 2004) . Tomographic and magnetotelluric images (Benz and Zandt, 1993; Boyd et al., 2004; Park, 2004; Yang and Forsyth, 2006; Reeg et al., 2008; Schmandt and Humphreys, 2010) beneath the southern Great Valley and western batholith reveal a cylindrical zone of fast, resistive material ranging from the base of the crust to nearly 250 km depth. This feature, commonly referred to as the "drip" or "Isabella anomaly" (Fig. 1) , is interpreted as downwelling lithospheric mantle and eclogitic lower crust that foundered from the southern Sierra Nevada Zandt et al., 2004) and produces subsidence beneath the southern Great Valley (Saleeby and Foster, 2004) .
Several groups contest the timing and magnitude of major elevation changes, if any, throughout the Sierra Nevada during the Cenozoic (cf. Cassel et al., 2009) . Westward tilt observed in strata and preserved in faulting along the eastern escarpment suggests that the Sierra Nevada have risen by ~2 km over the past several million years (Huber, 1981; Unruh, 1991; Wakabayashi and Sawyer, 2001) . Evidence for the lithospheric foundering coincides generally with the timing and location of this uplift, and has been invoked as a potential trigger (e.g., Jones et al., 2004) .
Motivation for the Sierra Nevada EarthScope Project
The departure of arclogite from beneath southern Sierra Nevada is well constrained, but large-scale geophysical heterogeneities in the central and northern Sierra Nevada are evidence that the batholithic root may be more intact. Reduced heat-fl ow measurements transition from some of the lowest (~20 mW/m 2 ) in North America along the Great Valley to considerably higher (>60 mW/m 2 ) in the eastern Sierra Nevada and adjacent Walker Lane (Lachenbruch and Sass, 1977; Saltus and Lachenbruch, 1991; Blackwell and Richards, 2004) . A similar trend is observed in Bouguer gravity, which drops ~200 mgal eastward to a regional low centered along the eastern Sierra Nevada (Oliver, 1977) . Directionally dependent refractions from the Moho suggest that a complicated crust-mantle transition underlies the western Sierra Nevada (Jones, 1987; Savage et al., 1994) .
Structural mapping with a densely sampled teleseismic converted wave fi eld, using a focused data set, provides the opportunity to better characterize the crust and upper mantle throughout the entire Sierra Nevada. Understanding variations in the thickness of the crust, its internal structure, bulk composition, and relation to the underlying mantle places fundamental constraints on the presence or absence of batholithic residue and the potential consequences of foundering. In addition to using converted waves as a structural mapping tool and proxy for crustal Vp/Vs, we also calculate Vp/Vs using arrivals from local earthquakes and modal compositions from crustal xenoliths as additional comparative constraints.
TELESEISMIC DATA AND RECEIVER-FUNCTION ANALYSIS

Station and Event Selection
The Sierra Nevada EarthScope Project (SNEP) operated broadband seismometers in (Gilbert et al., 2007) (Fig. 2) . Our data set encompasses 90 SNEP stations and 76 additional threecomponent intermediate-period or broadband instruments from monitoring networks, USArray, and previous experiments (Jones and Phinney, 1998; Wilson et al., 2003; Zandt et al., 2004) that recorded between July 1993 and September 2007 (Table 1) . Most stations are spaced ~20-25 km apart with the exception of 14 stations densely deployed through Yosemite National Park.
We consider events from great-circle-path distances of 25°-95° and 95°-180° for P and PP arrivals, respectively. To ensure a suffi cient amount of data, we collect events with M >5 for temporary deployments, M >5.6 for USArray sites, and M >6 for permanent stations. Our event distribution shows good distance coverage but samples directions mostly associated with the circum-Pacifi c subduction zones (Fig. 3) . We omit events with signal-to-noise ratio <2 for the P arrival and its coda, leaving 69520 P and PP seismograms representing unique eventstation pairs.
Receiver-Function Processing
Receiver functions (e.g., Langston, 1979) measure the seismic impedance structure of the crust and upper mantle. We bandpass seismograms from 0.15-5 Hz to isolate interference from the microseism and cultural noise, rotate into the R-T-Z coordinate system, and calculate receiver functions using iterative, time-domain deconvolution (Ligorría and Ammon, 1999) . In general, deconvolution removes source and instrument effects to preserve P-SV conversions (hereafter called Ps) generated by an upgoing, teleseismic P wave interacting with subhorizontal structure beneath a seismometer. Iterative deconvolution, which constructs a time series of Gaussian spikes using a cross-correlation of the vertical and radial component seismograms, avoids the lesser elements of traditional spectral division such as the need for regularization and appearance of frequency side-lobes due to missing spectra. For each deconvolution, we iterate 400 times or until the misfi t of the calculated receiver function is reduced by less than 0.001. We use Gaussian width factors (termed "a" values) of 1, 2.5, and 5 during deconvolution, corresponding to low-pass fi lters with corner frequencies of 0.5, 1.2, and 2.4 Hz, which are sensitive to structures thicker than ~2.0, 0.8, and 0.4 km for the crust and upper mantle. Additional resources on the theoretical development and practical considerations of receiver functions are plentiful (Langston, 1979; Owens and Zandt, 1985; Cassidy, 1992; Gurrola et al., 1994; Ligorría and Ammon, 1999; Julià, 2007; Frassetto et al., 2010) .
Receiver functions are normalized so that the P arrival has unit amplitude equal to 1 near 0 seconds lag time, increasing the amplitudes of subsequent arrivals, an effect which is addressed in stacking. We retain receiver functions with variance reductions ≥80% (Ligorría and Ammon, 1999 ) that exhibit the expected response for a normalized radial receiver function: the maximum amplitude equals 1 near 0 seconds lag time, negative amplitudes do not exceed −1, and the P arrival is not preceded by a negative trough or signifi cant delay. Additional spurious data were removed after visual inspection, and in several cases entire stations were omitted due to the presence of resonant signal from shallowly sourced reverberations. To avoid biasing stacked data, we also eliminate receiver functions with 80%-95% variance reduction at several permanent stations with substantially more data than adjacent temporarily deployed stations (Table 1) .
We utilize common-conversion-point (CCP) stacking (Dueker and Sheehan, 1997; Gilbert et al., 2003) to migrate receiver functions into a three-dimensional structural volume. This method weights and averages the amplitudes of separate receiver functions that intersect a similar region of the subsurface. Our approach generally obeys the steps described by Dueker and Sheehan (1998) and Gilbert et al. (2003) . Here we rotate the stacking bins to 30° counterclockwise from north to follow the strike of the Sierra Nevada (Fig. 2) . To account for the +4 km of relief across the region, we remove the contribution from topography. We combine the SNEP teleseismic P-wave tomography (Reeg et al., 2008) and our Vp/Vs analyses to create a 3-D wave-speed model for pre-stack depth migration. The P-wave-speed (Vp) model is calculated from the observed deviation in percentage from IASP91 (Kennett and Engdahl, 1991) for the 20 km and 70 km depth slices. The S-wavespeed (Vs) model is calculated from estimated crustal Vp/Vs to 60 km depth and Vp/Vs of 1.85 below that.
Receiver functions are corrected for move out, converted to depth, and back-projected along their incoming ray paths into gridded bins spaced at 15 km intervals with each bin having a horizontal radius of 20 km and vertical thickness of ½ km. Sharing data across bins closes gaps in ray coverage caused by nonuniform spacing and enhances the lateral coherency of conversions. Bins containing less than ten receiver functions are discarded. Each trace is multiplied by i r /i, where i r is a depth-invariant reference angle (20°) and i is the incidence angle calculated from P slowness. This term rescales normalized amplitudes as a function of distance. Finally, we stack with a phase-weighting fi lter (Schimmel and Paulssen, 1997) to suppress various forms of signal-generated noise often prevalent in complicated geologic environments. We present this technique and its application to SNEP in a separate study (Frassetto et al., 2010) .
Sources and Estimates of Uncertainties
Identifying sources of uncertainty in the CCP stacks adds constraints to subsequent interpretations. Examining uncertainties in the depth and amplitude of the Moho Ps is especially important in this study. The average bin for a = 2.5 at 40 km depth stacks ~106 receiver functions with a mean variance reduction of 90.5%, demonstrating robust deconvolution and ray coverage. We stack 200 times using bootstrapping (Efron and Tibshirani, 1986) to reduce the effects of spurious noise. We automatically select the largest positive arrival from 20 to 70 km depth and refi ne these picks for each bin. We reject one-third of picks lying farthest from the median depth, compute the standard deviation (σ) of the remaining values, and omit estimates with σ >5 km. Despite having the lowest practical depth resolution, for a = 1 the mean uncertainties for depth and conversion amplitude are only 1 km and 1.3%, respectively, with the largest at any bin being 2.5 km and 5.7%. It therefore appears that variance due solely to noise is small for SNEP.
Considering uncertainties in migrated interface depth introduced by the Vp and Vs assumptions is also important and has been examined previously (Calkins et al., 2010; Frassetto et al., 2010) . For 55 km thick crust (Vp = 6.6 km/s, Vp/Vs = 1.76), a signifi cant range in Vp/Vs (±2.5%) would change the migrated depth by <±4 km. Migrated receiver functions are less sensitive to the Vp model, and varying it similarly adjusts depth by only ±1.4 km. Subsequently calculated crustal Vp/Vs values show mean standard deviation of 0.8% for SNEP, translating to ±1.2 km of variation. Uncertainties associated with the P-wave tomography are <0.3%, which translates to ±0.2 km (Reeg et al., 2008) . Uncertainties for shallower structures will be proportionally smaller, except perhaps in the upper crust where Vp and Vs are probably overestimated. Considering these dependencies, we can expect a combined potential uncertainty of < ±2.6 km in depth for the Moho throughout the Sierra Nevada.
OBSERVATIONS
Individual Stations
The SNEP data set is generally excellent quality; many stations operated for over a year and produced >100 usable receiver functions ( Table 1 ). The array is embedded within a backbone of stations with substantially longer deployments. We removed several stations that exhibited overwhelming reverberations from basins (e.g., MLAC, Ligorría and Ammon, 1999) . The remaining data contain features in the structure of the crust and upper mantle that demonstrate both local coherence and regional variation. Receiver functions produced across SNEP show substantial variation in crustal thickness, amplitude of the Moho conversion, and presence of negative conversions in the crust and upper mantle. We evaluate the move-out pattern of shallowly sourced conversions, corresponding reverberations, and the Moho to discriminate between real and spurious structures and refi ne subsequent interpretations. Additionally receiver functions corrected for move out, migrated with a simple model, and summed per station provide a useful representation of local structure in depth (Fig. 4) . As a rule we identify the Moho as the largest regionally coherent conversion within the expected depth range of the continental crustmantle boundary. Previous work (Zandt et al., 2004) defi ned a "Moho hole," or absence of strong conversions in this depth range, between the western batholith and Great Valley. Our observations extend this region to the northwest where stations show a lack of arrivals from 0 to 5 seconds followed by a diffuse conversion at 6-8 seconds. The conversion is resolvable at a = 1 but diminishes in amplitude at higher frequencies (Fig. 4 )-a phenomenon we analyze later. Its move out is equivocal due to its long period, and is likely compounded by azimuthal variation in its depth being mapped into the moveout stacks (Fig. 5 ). These stations lack shallow structure, which could produce reverberations in this time range. We interpret these conversions as being generated by the Moho, deeper than 50 km and extending northward to ~38° N. In the northern foothills, several stations exhibit two positive arrivals in the expected range for the Moho. Eventually a single, shallower conversion becomes prominent across the northern Sierra Nevada.
Arrivals from the Moho are substantially more coherent, and appear robust for narrower Gaussians, across the eastern Sierra Nevada and Owens Valley. At high frequencies (a = 5) we clearly resolve Ps conversions from intracrustal structures. Coherent negative arrivals appear both above and below the Moho. These arrivals occasionally approach the amplitude of the Moho. Whereas reverberations generated in the upper crust may contribute to a few of the observed arrival patterns and are generally obvious in the corresponding CCP stacks, many stations are clear of interference from spurious arrivals and illustrate the presence of low wave-speed layers in both the crust and upper mantle. Arrivals from these structures increase 
Crustal Vp/Vs
The Vp/Vs (or Poisson's) ratio of a material relates directly to composition (Christensen, 1996) , varies with geologic environment (Zandt and Ammon, 1995) , and exerts signifi cant control on estimating structure (Ammon et al., 1990) . We use local earthquake arrivals, petrophysical models, and receiver functions to calculate crustal Vp/Vs across the Sierra Nevada. Unusually deep seismicity occurs beneath the west-central Sierra Nevada (e.g., Wong and Savage, 1983; Miller and Mooney, 1994; Pitt et al., 2002) . These earthquakes frequently exceed 20 km in depth, vary in mechanism, and locate in a diffuse cluster north of Fresno near the boundary of the western batholith and the Foothills Metamorphic Belt and a confi ned zone near the southwestern edge of Yosemite National Park. We recorded and located many of these events (Hurd et al., 2006) and generated a Wadati diagram (e.g., Wadati, 1933; Hayes and Furlong, 2007) for a subset of 13 earthquakes occurring at 33.1-46.2 km depth to independently constrain Vp/Vs along these ray paths. Regression of arrivals from 214 event-station pairs yields a solution of ~1.72 and robust coeffi cient of determination (R 2 ) (Fig. 6 ). This demonstrates that the upper crust (<30 km) in the west-central Sierra Nevada is probably a homogeneous granitoid and within the range of Vp/Vs (1.71-1.76) for nearby tonalite samples (Fliedner et al., 2000) .
To determine the elastic properties of the lower crust under the west-central Sierra Nevada batholith, we combine mineral modal proportions of Miocene-age xenoliths with the predicted mineral composition of arclogite from theoretical models (e.g., Saleeby et al., 2003) . Integrating the known elastic responses of mineral grains comprising a rock with estimated pressure and temperature yields a corresponding petrophysical model. We use the major-element composition of clinopyroxene, orthopyroxene, garnet, and plagioclase from 13 xenoliths (Mihai Ducea, 2009, personal commun.) to calculate the proportions of mineral modes using the methodology presented in Klein and Hurlbut (1999) ( Table 2 ). For determining the modes of garnet, we use a more specifi c calculator developed by Locock (2008) . The averaged modal proportions of each mineral are translated into the modal proportions of residues predicted by thermodynamic models for melting basalt with 1% water at 1.0 and 1.5 GPa (Ducea, 2002; Saleeby et al., 2003) . We multiply the observed proportions by the percentage of the total mineral in the residue and use an analytic macro (Hacker (Fig. 4). and Abers, 2004) to calculate the density, Vp, and Vs for each rock.
From the preexisting thermodynamic constraints, we consider three garnet-clinopyroxenites and three mafi c granulites generated by extracting melt fractions (F) of 0.15, 0.30, and 0.45 from hydrous basalt ( Table 3 ). The resulting residual rocks are dominated by >50% clinopyroxene, with varying amounts of garnet, orthopyroxene, plagioclase, and accessory hornblende (Ducea, 2002; Saleeby et al., 2003) . As increasing propor- tions of melt are extracted from the system, the density of the residuum increases. The Vp/Vs ratio decreases slightly for mafi c granulite, increases slightly for garnet-clinopyroxene, and ranges from 1.79-1.80 in all models. Both the garnet-clinopyroxenites (3509-3539 kg/m 3 ) and mafi c granulites (3421-3432 kg/m 3 ) are dense relative to common peridotite (~3300 kg/m 3 ) (c.f. Ducea and Saleeby, 1996) . The elastic parameters are relatively insensitive to background conditions; varying P and T by ±20% produces <1% change in Vp, Vs, Vp/Vs, and density. Additionally, the spread of calculated Vp/Vs is <0.01 despite a wide range of chosen values for P, T, and F for the six models.
Average crustal Vp/Vs may be calculated from the Moho conversion and its reverberations in receiver functions . The EarthScope Automated Receiver Survey (EARS) (cf. Crotwell and Owens, 2005;  http://ears.iris.washington.edu/stationList .html?netCode=XE05) uses automated H-K (crustal thickness-Vp/Vs) stacking (Zhu and Kanamori, 2000) for SNEP. Several stations located within the west-central batholith record Vp/Vs near 2.0, which is irregular given previous observations for felsic crust to ~30 km depth (Fliedner et al., 2000) and our Wadati diagram estimate. High Vp/Vs directs interpretations toward geologically implausible scenarios (e.g., melt-saturated, basaltic, or serpentinized crust). Weak signal from either the Moho or its reverberations limits the effectiveness of EARS, which weights the arrivals equally. Signifi cant topography along the Moho also complicates H-K stacking (Hayes and Furlong, 2007; Lombardi et al., 2008) , and the characteristics of the Moho beneath the central Sierra Nevada (Figs. 4 and 5) probably invalidate these Vp/Vs measurements. Other stations in the eastern Sierra Nevada and Owens Valley record Vp/Vs >2.0, which may result from constructive stacking of shallow mantle structure instead of reverberations.
The spacing of SNEP stations improves the 3-D resolution of the Moho and its 2P reverberation. User-defi ned picks for t Ps and t PpPs can be used to calculate Vp/Vs per CCP bin (e.g., Gilbert and Sheehan, 2004; Calkins et al., 2010) . We migrate the CCP volume for t Ps (a = 2.5) and the t PpPs (a = 1) arrivals; the lowered "a" improves resolution of the reverberation. We stack with a variable Vp and constant Vp/Vs of 1.7; pseudodepths for the Moho are picked and then converted back to arrival times assuming a vertically incident ray for each bin (p = 0). Uncertainties from the picked depths are mapped into the error estimates for Vp/Vs at 294 out of 810 bins (36.3%), averaging to Saleeby et al. (2003) and temperatures estimated from thermobarometry of xenoliths .
1.78 ± 0.01. Nearly all transects are discontinuous where picks are deemed unreliable and excluded (Fig. 7) . Complex Moho structure in the northern foothills and central Sierra Nevada also precludes complete measurements, but the remainder of the Sierra Nevada and western Basin and Range are well covered.
The Wadati diagram and petrophysical models provide constraints where the unusual character of the Moho precludes measurements from receiver functions. We use all three data sets to create an integrated model of Vp/Vs, and in turn crustal composition, across the SNEP footprint. The combined measurements (Fig. 8 ) are largely consistent with surface geology. The Vp/Vs values measured across much of the batholith and adjacent Basin and Range are similar: 1.7-1.75 for receiver functions compared to ~1.72 from the Wadati diagram. These suit the measured average (1.73) for Mesozoic-and Cenozoic-age orogens (Zandt and Ammon, 1995) , the value (~1.7) expected for the prevailing quartz-and feldspar-rich plutons (Christensen, 1996) , and the local tonalite outcrops. Comparing measurements from the local earthquakes with petrophysical models shows a distinct increase of Vp/Vs with depth, refl ecting the increasingly mafi c composition of plutons emplaced beneath the Sierra Nevada . However, several pockets of unusually high Vp/Vs occur within SNEP, including the portions of the northern Sierra Nevada, southeastern Sierra Nevada, and the adjacent volcanic centers along Owens Valley (Fig. 7) . In order to improve the accuracy of the CCP migration beneath the central Sierra Nevada, we fi x Vp/Vs to 1.76 from averaging the deeper and shallower constraints. Observations drawn from "current" lithospheric material sampled by the xenoliths also provide important constraints when developing seismic forward models, as demonstrated later.
Characteristics of the Moho
The depth to the Moho varies considerably across this region (Fig. 9) . Some of the thickest crust in North America is detected here, where the Moho is deeper than 40 km beneath the western batholith and Foothills Metamorphic Belt and exceeds 50 km depth within smaller zones. This feature is best resolved and most laterally coherent in receiver functions calculated for a = 1. Although previous studies (Jones and Phinney, 1998; Fliedner et al., 2000; Zandt et al., 2004) constrain 40+ km thick crust and imply the presence of a deep root (Louie et al., 2004) , these results are the fi rst to map a coherent deep conversion in this region.
The Moho shallows considerably away from the crustal welt. Conversions occur shallower than 35 km along the high Sierra Nevada. The crust generally thins across the eastern California shear zone and the northern Walker Lane to 25-30 km. This observation supports a compilation of crustal thickness estimates from controlled-source experiments (Heimgartner et al., 2006) . The Moho ascends to ~20 km under the Foothills Metamorphic Belt adjacent to deeper Moho beneath the southern Foothills Metamorphic Belt and western batholith. The pronounced departure from a traditional style of Airy isostatic compensation beneath the region is a previously recognized paradox (e.g., Wernicke et al., 1996) .
The amplitude of the Ps conversion from the Moho shows systematic geographic variation across the Sierra Nevada (Fig. 10) . Lowamplitude arrivals denote a gradational or minor increase in wave speed and density across the Moho, whereas large amplitudes denote the opposite. For all three a values, the Moho is most sharply defi ned in the southern and eastern Sierra Nevada and Basin and Range, exceeding 40% of the P arrival amplitude in some areas. Conversely, its amplitude plummets under the deepest sections of the western batholith and Foothills Metamorphic Belt and is <10% of the P arrival throughout this region. Measurements of weak conversions and thick crust correlate closely.
Structural Transects
Along-and across-strike transects from the CCP stacks cover the entire Sierra Nevada (Fig. 2) . On most transects the Moho appears clearly as a positive arrival. We select transects that portray the representative changes in the structure of the lithosphere across the Sierra Nevada and discuss receiver functions for a = 1 and a = 2.5. Our descriptions focus generally on the Moho and upper mantle structures in alongstrike profi les and crustal features in acrossstrike profi les. We observe several dipping and vertically offset structures in these CCP stacks, representing regional changes in the structure of the Moho. Previous analysis of receiver functions in the southern Sierra Nevada includes resolution tests for the stacking parameters (Zandt et al., 2004, Supporting Information) . These tests show that offset and dipping Moho structure may be discriminated for bins spaced 15 km apart. We use the same bin placement but a smaller bin radius than previously (20 km versus 30 km) to avoid excessively smearing arrivals and further reduce spurious signal with phase-weighting (Frassetto et al., 2010) . The uniform coverage of SNEP stations across the Sierra Nevada, its lengthy deployment, use of more refi ned migration and stacking parameters should lead to robust resolution of structures beneath the array.
Sierra Nevada, Along Strike
The crust and upper mantle beneath the western Sierra Nevada adjacent to the Great Valley appear seismically homogeneous, with few prominent arrivals (Fig. 11 [A-A′]) . A prominent Moho extends north from the Garlock fault, deepening and decreasing in amplitude under the central batholith and Foothills Metamorphic Belt. Reverberations from it appear at 130-150 km and stay distinct on eastward transects. There are also coherent arrivals in the upper mantle including a large negative to positive set of arrivals in the southern Sierra Nevada that may be a shallowly sourced reverberation. Beneath the northern foothills a clearly defi ned Moho dips northward to ~40 km depth. A diffuse negative conversion at ~70 km depth associates with the surface expression of the Foothills Metamorphic Belt here, but does not persist eastward. The two regions of visible Moho are separated by ~250 km of weak or absent conversions.
Low-frequency receiver functions resolve a mostly coherent arrival at 45-55 km depth farther east (Fig. 11 [B-B′] ). The deepest and most diffuse arrivals correlate well with the current location of the drip inferred beneath the western batholith and Great Valley (Figs. 1 and 11 [B-B′and C-C′]). The feature is not a reverberation from shallow structure (Fig. 4) , and CCP bins containing this interface have coherent phase-weighting values in this range. Its proximity to the nearby shallow Moho beneath the northern foothills is contradictory, since there is no gravity anomaly that accounts for such a rapid shift in crustal thickness (Oliver, 1977) . However, juxtaposing dense lower crust adjacent to typical upper mantle would minimize the density contrast despite the large discrepancy in the depth of the Moho.
Receiver functions sampling the high Sierra Nevada and adjacent Basin and Range display coherent and high-amplitude arrivals from the Moho along the length of the profi les (Fig. 11 [C-C′, D-D′, and E-E′]). There is no crustal root corresponding to the high elevation. Instead the crust is thickest in the west-central Sierra Nevada and thins outward. The Moho shallows to 30-35 km depth laterally along the crest (Fig. 11 [D-D′] ). The Moho in the northern Sierra Nevada appears generally shallower and more coherent than in the central Sierra Nevada. There are some irregularities where in the northern Sierra Nevada it appears indistinct and potentially offset by ~10 km across a bin (Fig. 11 [C-C′] ). This area contains some of the most densely faulted surface structure in the entire Foothills Metamorphic Belt with large outcrops of serpentinized oceanic peridotite ( Fig. 1 ) (e.g., Saleeby, 1990) .
The coherency and amplitude of conversions from mantle structure grow as SNEP extends into the adjacent Great Basin. High-amplitude, negative receiver-function arrival "bright spots" are prevalent beneath Owens Valley and the northern Walker Lane. The coherency of the negative arrival beneath the Moho (Fig. 11 [D-D′ and E-E′]) suggests that it may be a regional-scale feature. Deeper than 80 km we observe the 2P reverberations from the Moho, which appear throughout the upper mantle. However, in several areas another positive, direct conversion is visible from 80-100 km depth (e.g., Fig. 11 [E-E′]). We also observe this feature in move-out plots from stations in the eastern Sierra Nevada (Fig. 4) , and it may result from the bottom of the slow layer modeled in regional waveforms (Savage et al., 2003) .
Sierra Nevada, Across Strike
Receiver-function transects crossing the southernmost Sierra Nevada display a highamplitude Moho dipping gently to the westsouthwest (Fig. 12 [F-F′ and G-G′] ). The Moho correlates well with subhorizontal structure interpreted from a controlled source profi le collected to the south across the Tehachapi Mountains (Malin et al., 1995) . Comparison to stations in the northern Mojave (Yan and Clayton, 2007) shows a regionally strong and coherent conversion from the Moho. This feature in the southernmost Sierra Nevada appears consistent with the establishment of a new, shallow Moho following the subduction of the Shatsky Rise, collapse of the overlying batholith, and development of a schist-rich lower crust from subducted detritus (e.g., Malin et al., 1995; Chapman et al., 2010). The crust and upper mantle in the southernmost Sierra Nevada also contain several pronounced negative conversions across the width of the batholith. Continuing northward, the Moho remains fl at beneath Owens Valley before increasing in depth westward beneath the high Sierra Nevada and dimming rapidly (Fig. 12   [I-I′] ). The change in Moho depth beneath the southern Sierra Nevada appears as a step, and this region coincides with the downwarped and most diffuse section of Moho in the along-strike transects (Fig. 11 [B The structural asymmetry becomes more pronounced moving northward beneath the high Sierra Nevada. The amount of conversions generated in the crust reduces noticeably from east to west. Almost no conversions in the middle to lower crust appear beneath the western batholith (Fig. 12 [H-H′, I -I′, J-J′, and K-K′]). In contrast bright spots concentrate beneath the eastern Sierra Nevada and particularly Owens Valley. A transect across the White Mountains (J-J′) shows a positive arrival overlying the lower crustal negative. This feature may relate to the zone of seismic anisotropy previously modeled in the lower crust (Zandt et al., 2004) . Several of these arrivals may linger from shallowly sourced reverberations that survived stacking and phase-weighted fi ltering, particularly at the edges of the CCP volume. This is suggested by harmonic signals under Owens Valley (Fig. 12 [I-I′]) and western Nevada (Fig. 12 [L-L′] ). However, move-out stacks (Fig. 4) demonstrate that stations situated nearby do show negative conversions generated by layering above and below the Moho.
A transect through Long Valley caldera and skirting southern Yosemite National Park (Fig. 2) shows that the changes in the character of the crust, Moho, and upper mantle may relate to unusually deep seismicity in the area (Fig. 12 [K-K′]). Earthquakes segregate into distinct clusters, one within the seismically homogenous crust above dimmed Moho near the Great Valley and the other a pipe-like feature atop where the prominent Moho terminates under the high Sierra Nevada (Hurd et al., 2006) . Furthermore, that cluster locates above long-period earthquakes observed since 1994 that occur at the Moho (Pitt et al., 2002) .
The overall structure of the crust and upper mantle becomes more complicated around 38° N. The unusual seismicity disappears but conversions from weak, deep Moho persist beneath the western foothills and axial batholith to near the latitude of Lake Tahoe (Fig. 12 [L-L′, M-M′, and N-N′]). The Moho dips to the west, deepening by ~20 km over fi ve bin intervals, exceeding a 20° dip in some locations (Fig. 12 [N-N′] ). This orientation likely relates to the unusual results from previous earthquake refraction analyses (Savage et al., 1994) . To the west we observe an increase in the number and strength of conversions under the Foothills Metamorphic Belt. Beneath Lake Tahoe the lower crustal earthquake swarm of 2003 von Seggern et al., 2008 ) overlies a bright, sharp Moho (Fig. 12 [O-O′] ). However, some of this signal may relate to residual reverberations generated by the Lake Tahoe basin (cf. Frassetto et al., 2010) .
The Moho dips more gently westward in the northern Sierra Nevada, nearing 40 km depth west-northwest of Lake Tahoe. Here it terminates sharply being offset by ~10 km from the Moho located beneath the northern foothills (Fig. 12 [O-O′ and P-P′]). This offset occurs beneath a heavily faulted region of the Foothills Metamorphic Belt, near the Melones fault zone (Fig. 1) . As the SNEP array approaches the southern boundary of the Cascade Arc, a single, fl at, consistently bright Moho becomes reestablished across the Sierra Nevada (Fig. 12 [Q-Q′] ).
Depth Slices
We map the variation of CCP amplitudes to visualize the prominent changes in the character of the crust and upper mantle observed in the horizontal transects. Depths of ~15 and ~20 km feature bright spots above the Moho (Fig. 13) . These are almost completely localized in the eastern Sierra Nevada with several occurring near volcanic centers. Amplitudes at greater depth (~50 km) show the large negative conversion most coherent at lower frequency (a = 1), distributing widely across the eastern Sierra Nevada and western Basin and Range (Fig. 13) . Conversely the positive arrivals at the same levels in the west-central Sierra Nevada show the weak arrivals from the Moho, emphasizing the steep westward dip of the crust-mantle boundary and general asymmetry of crustal thickness and structure across the range.
DISCUSSION AND MODELING
Relation to Surface Geology and Structures
Trends in both Vp/Vs and seismic structure link to regional expressions in basement geology and faulting. In the southern Sierra Nevada, projecting the trace of the proto-Kern Canyon fault-Kern Canyon fault (Fig. 1) (Parrish, 2006; Nadin and Saleeby, 2008) truncates a negative conversion in the lower crust and intersects a step in the Moho of ~8 km between stacking bins (Fig. 12 [H-H′] ). The offset is visible in the directional arrival pattern for a nearby station (Fig. 14B) . Receiver functions from here modeled anisotropic lower crust, potentially associated with deformation during lithospheric foundering (Zandt et al., 2004, Supporting Information) . In that case, the observed Moho offset is not produced by the modeled anisotropic layering.
This irregular Moho represents a boundary between intact and extended crust within the southern Sierra Nevada (Fig. 14) . The batholith south of ~36° exhibits increasingly exhumed basement approaching the Garlock fault (cf. Nadin and Saleeby, 2008) . Moreover, ubiquitous extensional structures appear only east from the Kern Canyon fault at this latitude and southward. The distribution, age, and location of these structures suggest that overlying crustal material was tectonically removed southward during extension associated with the channelized extrusion of subcreted schist (Chapman et al., 2010) , and now correlates with the upper plate of batholith presently dispersed across the northern Mojave (Wood and Saleeby, 1998) . Thermochronologic data Wood and Saleeby, 1998) identifi es rapid cooling of lower-plate basement in the late Cretaceous, near the breakaway zone, just south of transect H-H′.
The offset Moho introduced by this crustal thinning exclusively to the east of the Kern Canyon fault appears to have lasted until present, and the nearby Isabella breakaway zone shows evidence for Neogene-to Quaternaryage extensional reactivation Saleeby et al., 2009 ). This style of reactivation is observed in focal mechanisms from a swarm of earthquakes confi ned to the east of the Kern Canyon fault (Jones and Dollar, 1986) that exhibit purely normal faulting. The structural offset emphasizes the changing amplitude of the Moho, which transitions from a strong conversion occurring beneath the eastern Sierra Nevada to a relatively weaker conversion to the west of the Kern Canyon fault. Additionally, Vp/ Vs values are generally higher east of the Kern Canyon fault (Fig. 8) . Postdelamination magmatism and extension would enhance the Moho by lowering the wave speed of the lower crust and increasing Vp/Vs, but the lack of young faulting or seismicity west of the offset demonstrates that signifi cant extension has yet to occur beyond the Kern Canyon fault . The lack of Miocene-age or younger volcanism in this "avolcanic corridor" supports this interpretation as well (Farmer et al., 2002) .
The crust becomes increasingly complicated in the central and northern Foothills Metamorphic Belt, as folds and thrusts bound a collage of ophiolitic, serpentinized ultramafi c rocks, metamorphosed terranes, and batholithic plutons (Schweickert et al., 1984; Saleeby, 1990; Saleeby, 1992; Parrish, 2006) . Crustal Ps conversions increase with the surface exposure of the Foothills Metamorphic Belt (Figs. 1 and 12 [L-L′, M-M′, and N-N′]) and may relate to the crustal structure observed farther north and inferred to extend along the foothills (Spieth et al., 1981) . Other previously observed structures (Miller and Mooney, 1994) (Fig. 15 ). For a = 2.5, these features overlap for >200 km, and the layer between them is at least 15 km thick. The Moho beneath the Foothills Metamorphic Belt shows abrupt change in crustal thickness for a = 1 (Fig. 11 [B-B′]) (Fig. 15) . However, Bouguer gravity and refraction modeling in the region show little evidence for such an extreme offset in the Moho (Oliver, 1977; Louie et al., 2004) . The adjacent and overlapping styles of Moho may serve as a gradual transition between sections of the Sierra Nevada that evolved differently as an arc. The amount of exposed Cretaceous-age plutons decreases in the northern Sierra Nevada as the batholith turns eastward into Nevada (Barton and Hanson, 1989) (Fig. 1) . We suggest that the shallower structure (Fig. 15) is preexisting Jurassic-age Moho. This feature is coherent and mappable in several transects to the north, but is less well defi ned across the central foothills. Numerous sheeted dike complexes located along the Foothills Metamorphic Belt and western batholith suggest that the entire region underwent considerable extension during the Jurassic (Wolf and Saleeby, 1992) . We assert that this structure represents the postextension continental Moho prior to fi nal emplacement of the batholith. We interpret the deeper layer (Fig. 15) as a Cretaceous-age Moho coincident with granitoid melts that disrupted and overprinted the earlier Moho as the density of plutons increased, eventually obscuring the previous crust-mantle boundary throughout the central Sierra Nevada. Since Cretaceous-age plutons are much less prevalent in the northern Foothills Metamorphic Belt, the preexisting Moho is better preserved.
Disruptions in the Moho correlate with the Melones fault zone and other surface faulting within the Foothills Metamorphic Belt (Figs. 
[C-C′] and 12 [O-O′ and P-P′])
. The northsouth-striking fault zone presents the boundary between Paleozoic-age accreted lithosphere and the older North American passive margin truncated by transform movement (e.g., Saleeby, 1990 ). This feature is only visible across a few CCP transects, but appears robust due to the absence of shallow structure and the corresponding potential for reverberations. Unfortunately the placement of stations here does not yield a location that directly samples the offset structure, unlike in the southern Sierra Nevada. The position of the largest Moho offset ( Fig. 12 [P-P′] ) crossing the Sierra Nevada matches noticeable changes in crustal structure near the 75 km distance marker for profi les to the north and south (Fig. 12 [O-O′ and Q-Q′]). The Moho along and across strike beneath the northern Foothills Metamorphic Belt appears to have inherited structures associated with the prebatholithic assemblage of continental material here.
Uncertainty remains regarding the development of a large corresponding arclogite in the northern Sierra Nevada. A lack of xenoliths prevents directly sampling the lower crust and mantle lithosphere. The location of the Sr 0.706 line (e.g., Armstrong et al., 1977) limiting the production of garnet-rich phases (e.g., Ducea and Saleeby, 1998a) . The distribution of batholithic plutons in the northern Sierra Nevada (Saleeby et al., 1989) and in the northern Great Valley subsurface (May and Hewitt, 1948; Williams and Curtis, 1977; Harwood and Helley, 1987; Saleeby, 2007) indicates that arc plutonism in the early Cretaceous was dispersed over a wide belt with a relative abundance of hosting metamorphic wall rocks as compared to the south. Plutons in northwestern Nevada show that signifi cant amounts of arc magmatism in the late Cretaceous occurred to the east of the northern geographic Sierra Nevada (Barton and Hanson, 1989; Van Buer et al., 2009 ).
Estimates of Cenozoic-age extension reveal that the crust within the Mesozoic-age arc in Nevada has not been signifi cantly stretched, and appears <40 km thick at ca. 90 Ma (Colgan et al., 2006a (Colgan et al., , 2006b . Alternatively the northern Sierra Nevada batholith may have developed an eclogitic residue that subsequently foundered and occupies the nearby "Redding anomaly" . However, under such a circumstance the type of particularly high-amplitude Moho conversion associated with the aftermath of lithospheric foundering to the south is limited in extent or entirely absent in the north. We later discuss high Vp/Vs measurements in the eastern Sierra Nevada in the context of volcanic features, but similar fi ndings within the northern Sierra Nevada do not correspond to major Quaternary-age volcanic centers (Fig. 8) . Three distinct zones of Vp/Vs >1.8 may link to serpentinized ophiolites (Saleeby, 1990 ) that outcrop amidst Paleozoic metamorphic rocks to the northwest of Lake Tahoe (Fig. 1) . Serpentinite contains extremely high Vp/Vs (>2.0 in laboratory measurements) but also a low Vp of ~5.5 km/s (Christensen, 1996) . Regional tomography fi nds small reductions in crustal Vp but no large-scale anomalies near the location of these elevated Vp/Vs measurements (Thurber et al., 2009) . Christensen (1996) shows that the Vp and Vp/Vs of an average serpentinite at 200 MPa deviate respectively by ~15% (5.308 km/s versus 6.246 km/s) and ~17% (2.051 versus 1.702) from typical plutonic rock (granite-granodiorite). Observed Vp/Vs increases in these regions may refl ect the presence of serpentinized crustal material, but a large-scale presence seems unlikely since reduced Vp is not observed. This comparison is hampered by the complex geologic history of these rocks, which contain large amounts of oceanic peridotite and record increasing metamorphic grade subsequent to partial serpentinization (e.g., Saleeby, 1990) . Alternatively, the easternmost of these high Vp/Vs zones may relate to the migration of arc-related volcanism Nevada (Li et al., 2007) . However, thermobarometry of nearby xenoliths defi nes an adiabat and temperatures approaching 1250 °C at depths of 35-40 km, coincident with the Moho mapped with receiver functions, beneath Owens Valley .
Bright spots at 15-20 km depth coincide with existing geophysical evidence of magma bodies and surface expressions of Quaternary-age volcanism, including the Death Valley Bright Spot (de Voogd et al., 1986) , Long Valley, and Mono Craters, and the Coso, Big Pine, and Golden Trout volcanic fi elds near and within Owens Valley (e.g., Manley et al., 2000) (Fig. 13) . Near Coso we also detect the shallow magma body imaged previously with receiver functions (Wilson et al., 2003) . Previous observations of inferred midcrustal magma at Death Valley and Socorro, New Mexico, occur at similar depths of ~15-20 km (de Voogd et al., 1986) , and receiver functions from Soccoro (Sheetz and Schlue, 1992) have similar amplitudes. Pockets of crustal Vp/Vs >1.85 appear near Long Valley, Big Pine, and Golden Trout volcanic fi elds (Fig. 8 ) and correlate closely with the negative arrivals in CCP transects, providing further evidence toward interpreting certain prominent negative conversions as the upper surfaces of partial melt. While conductivity observations in the southern Sierra Nevada call for high temperatures but not widespread partial melt within the crust and upper mantle, some do corroborate ~3% partial melt beneath Miocene-age and younger volcanic centers (Park, 2004) .
Earthquakes occurring beneath northern Lake Tahoe (von Seggern et al., 2008) and southern Yosemite National Park (Pitt et al., 2002) may result from the intrusion of basaltic melt into the lower crust. On CCP transects the sequence of earthquakes near Lake Tahoe locates ~5 km above the Moho (Fig. 12 [O-O′]). However, those in southern Yosemite occur directly along the Moho where it switches abruptly from a well-defi ned arrival at ~40 km depth to a deeper, weaker conversion westward (Fig. 12 [K-K′] ). Neither cluster of seismicity locates directly within a negative arrival, but they may relate to other features resolved in each transect. The seismicity in northern Lake Tahoe underlies a small negative Ps, which may be the eastward continuation of a signifi cant slow layer resolved by regional tomography (Thurber et al., 2009 ). The Mohodepth earthquakes below Yosemite occur just beyond the western terminus of the regional bright zone in the upper mantle. Both clusters of seismicity are recently constrained features that merit further study; similar earthquakes within the Ethiopian Rift result from magma injection from mantle rich in partial melt. through the northern Sierra Nevada within the past ca. 5 Ma (Cousens et al., 2008) . Along the border of the Sierra Nevada and northern Walker Lane, the Honey Lake fault (Parrish, 2006) truncates a shallow, positive conversion to the east (Fig. 12 [Q-Q′]), emphasizing a sharp boundary between the physiographic provinces that is otherwise not clearly defi ned along the eastern boundary of SNEP.
Magma Bodies and Related Earthquakes
The CCP stacks and crustal Vp/Vs measurements show considerable evidence for zones of partial melt in the crust and upper mantle along the eastern Sierra Nevada and Walker Lane. Temperatures in the lithosphere rapidly increase from eastward (Blackwell and Richards, 2004) , and the boundary between high and low heat fl ow coincides geographically with the western edge of the bright spots (Fig. 13) . The lateral coherency and sharp negative amplitude of the deeper boundary at ~50 km likely coincides with the lithosphereasthenosphere boundary (LAB) in this region (Fig. 13) . Other recent observations of lithospheric thickness from sparser data place the LAB at 60-70 km beneath the eastern Sierra
Moho Sharpness and Sensitivity
The drastic regional change in the depth and amplitude of the Moho stands as one of the most intriguing fi ndings of SNEP. Low-frequency receiver functions effectively map the Moho as a deep interface where it went undetected previously (e.g., Fliedner et al., 1996; Zandt et al., 2004) . Its conversions beneath the westcentral Sierra Nevada become progressively weaker at high frequencies and almost indistinguishable at a = 5 (Fig. 15) . Previous studies note the increased coherence of the continental Moho at lower frequencies (Owens and Zandt, 1985; Calkins et al., 2006) , but in these cases its conversion remained discernable at higher frequencies (e.g., a = 5). The relative invisibility of this portion of Moho demonstrates the drawback of limiting a receiver-function data set to a single a value and motivates processing and evaluating both higher and lower frequency data.
We consider three models for the increase in Vp, Vs, and density across the boundary; a step and constant gradients of 10 and 20 km in thickness. Using the ray-tracing code ray3d (Owens et al., 1984) to generate synthetic seismograms for these models, we calculate the corresponding receiver functions for a = 1, 2.5, and 5. The subsequent stacks (Fig. 16) strate the range of responses for combinations of frequency range and boundary thickness. For gradients in wave speed, different Gaussians resolve the same transition with different amplitudes. In the case of a sharp transition, it remains clearly defi ned across all frequencies. For the most gradual transition, even receiver functions using a = 2.5 resolve less than half of the peak amplitude obtained with a = 1. When a = 5, the conversion from the Moho is onefourth the amplitude of a = 1. The low amplitude and irregularity of these features at high frequencies in our observations increases their chance of being missed. We apply this assessment to SNEP by comparing different a-values from CCP bins sampling inside and outside the region of weak conversions from the Moho. We focus on an acrossstrike transect from the central Sierra Nevada, which traverses the rapid change between different styles of ). The response in selected stacks from east to west (Fig. 17) mirrors that of the synthetic data. The Moho beneath the eastern Sierra Nevada and Walker Lane remains clearly resolvable for a = 5, but only receiver functions for a = 1 retain signifi cant amplitude beneath the western batholith. The relative diffi culty of observing the Moho at high frequencies here suggests that the Moho under the west-central Sierra Nevada represents a gradual transition of signifi cant thickness between the crust and upper mantle that may only be resolved by frequencies low enough to detect thick gradients in wave speed.
Seismic Forward Modeling
Deep, gradational Moho underlying seismically homogeneous crust juxtaposed against shallower, sharp Moho bounded by bright spots illustrates the drastic change in the structure of the lithosphere and thickness of the crust over relatively short distances beneath the central Sierra Nevada. Since this transition occurs within the batholith, we infer that it results from continued lithospheric foundering, which has largely concluded beneath the southern Sierra Nevada (e.g., Zandt et al., 2004) . Body-wave and surface-wave tomography generated using SNEP Reeg et al., 2008; Schmandt and Humphreys, 2010 ) resolves a region of high wave speed that almost exactly matches the geographic distribution of weak Moho and extends to depths of 70-90 km. In contrast, the same depths in the eastern Sierra Nevada and adjacent Basin and Range exhibit considerably lower wave speeds. Evidence presented throughout this study signifi es intact arclogite beneath the west-central Sierra Nevada and shallow asthenosphere where this material has foundered beneath the eastern Sierra Nevada.
Forward-modeling a CCP transect tests this interpretation, and allows us to match changes in structure of the crust and upper mantle to viable models. We use an across-strike transect that borders southern Yosemite National Park and Long Valley caldera (Fig. 12 [K-K′]) , which bisects the region where we interpret foundering to be in progress. Our synthetic data set (a = 2.5) comprises a ten-station transect that samples fi ve models to represent the crust and upper mantle (Fig. 18) . We calculate synthetic seismograms for an incident P wave and its P-to-S conversions over a range of ray parameters (0.04, 0.05, 0.06, 0.07, and 0.08 s/km) and back azimuths (30° increments). The models are designed to fi t the amplitudes of the CCP transect and are guided by Vp, Vs, and density derived from local xenoliths (Table 2) , parameters from controlled-source surveying and laboratory analysis of plutons (Fliedner et al., 2000) , and our observations of Vp/Vs and crustal thickness. The average Vp for the upper crust is close to a previously developed model for the region (Miller and Mooney, 1994) . For the western batholith and Foothills Metamorphic Belt we assign a gentle gradient to represent a gradual transition with depth from tonalite through mafi c granulite to garnet-clinopyroxenite, representing the products from the climactic arc fl are-up in the Sierra Nevada (e.g., Saleeby et al., 2003) . For the Walker Lane models, gradients are sharp between large-scale discontinuities in order to effectively fi t amplitudes for the much sharper crust-mantle boundary and prevalent bright spots. We model the bright spots as layers with reduced Vs and elevated Vp/Vs to represent regions of partial melt. We process and stack the receiver functions using the same parameters as the SNEP data set.
The modeled transect generally matches the geographic distribution and amplitude of prominent conversions (Fig. 18) . Although the details in these models are nonunique, the general features are well constrained. Models representing the western portion require a 6%-7% step in Vs over 4-8 km to reproduce the observed Moho conversion. This is embedded within a steady gradient of increasing wave speeds and density. The lack of conversions in the center of the observed zone of weak Moho requires a constant gradient throughout the crust. For the Moho to the east, increases of 19%-24% over 1 km reproduce the sharp Moho. We require large reductions (18% and 6%) in the midcrust and upper mantle to mimic the bright spots seen near Long Valley caldera. The substantial decrease in wave speed needed to match the negative conversions is unlikely to be due to merely compositional or temperature changes and is most likely produced by the presence of melt. The proximity of the Long Valley caldera and its inferred magma chamber make this explanation reasonable. Electrically conductive crust mapped just north of this region supports the presence of crustal magma (Ostos and Park, 2008) .
Postsubduction Tectonic Scenarios and the Isabella Anomaly
Our observations further the debate over the end-stage Farallon slab and source of the Isabella anomaly. The opposing tectonic models provide very different outcomes for the fate of the subducted oceanic lithosphere. The slab-window model (Dickinson and Snyder, 1979 ) entails a scenario where the southern edge of the Farallon-Juan de Fuca plate moves northward and allows asthenosphere to take its place. Consequently the Isabella anomaly stems from the eventual nucleation and detachment of negatively buoyant continental lithosphere (e.g., Zandt, 2003) . The stalled slab model (Bohannon and Parsons, 1995) advocates an alternative event, during which portions of the Farallon slab stagnate at the base of the continent beneath California. In this case, the Isabella anomaly represents unsubducted Farallon plate (e.g., Forsyth and Rau, 2009) . Regionally low heat-fl ow extending along the Great Valley, Foothills Metamorphic Belt, and western batholith may result from thermal insulation provided by subcreted oceanic lithosphere (Erkan and Blackwell, 2008) or chilled arclogite , and it is used to model the paleodepth of the subducted plate surface (Erkan and Blackwell, 2009 ) at 50-70 km beneath the Sierra Nevada. Blackwell (2008, 2009 ) attribute the recent volcanism and uplift along the eastern Sierra Nevada to lateral heat transfer from the Basin and Range to the Great Valley. The stalled slab hypothesis applied to the Sierra Nevada requires scrutiny because it fails to account for known batholithic residue which extended to 100-120 km depth beneath the central Sierra Nevada at ~10 Ma (Ducea and Saleeby, 1998a) . This arclogitic lithosphere must have remained intact to be entrained as xenoliths, requiring a regionally deeper Farallon slab. The geometry of subduction appears complicated during the late Mesozoic but favors a deep fl at slab beneath the central and northern Sierra Nevada (Saleeby, 2003) , similar in geometry to modern fl at slabs in South America. Thus models by Erkan and Blackwell (2008) can only validate a slab which deepens signifi cantly approaching the western edge of the batholith, a conclusion advocated by the corresponding interpretation of regional seismic tomography (Forsyth and Rau, 2009 ).
We directly sample the eastern perimeter of the Isabella anomaly and the shallower fast anomalies along the western batholith resolved by regional tomography Schmandt and Humphreys, 2010) , which is the area where the lingering Farallon slab is suggested to reside (Forsyth and Rau, 2009 ). Low-frequency receiver functions clearly resolve the conversion from the Moho deepening to >50 km within and/or above the features being interpreted from tomography. The Moho nearest the surface projection of the Isabella anomaly is particularly diffuse. Based on our analysis this weak Moho conversion is clearly produced by a gradient in seismic wave speeds, and it does not appear to be a particularly well-defi ned structural boundary as could be expected at the boundary of shallow slab. The residue sampled by xenoliths records relatively cool temperatures of 550-950 °C beneath the batholith. Our observations suggest that the low heat fl ow inferred to result from a stalled slab results instead from the insulation provided by a thick arclogitic root, which is also consistent with the dim Moho arrivals and high wave-speed region identifi ed in tomography.
Summarized Interpretations
We divide the Moho beneath the Sierra Nevada and vicinity into four sections based on its depth (Fig. 9), amplitude (Fig. 10) , relation to surface geology, and other constraints (Fig. 19) . Much of the east-central and southern Sierra Nevada features a Moho developed after the foundering of its underlying lithospheric mantle during the past few million years. Its sharp amplitude denotes a rapid step in wave speed with depth. Numerous bright spots in the crust and upper mantle appear in conjunction with this delamination Moho (Fig. 20) and provide further evidence of shallow asthenosphere as a source for the volcanism observed in these areas. This region encompasses the locations of Pliocene-and Quaternary-age xenoliths erupted in the eastern Sierra Nevada and high heat-fl ow measurements. Buoyant uppermost mantle provides the necessary support for the high Sierra Nevada (e.g., Ducea and Saleeby, 1996) .
To the west only low-frequency receiver functions exhibit a deeper, less distinct, westwarddipping Moho beneath the west-central Sierra Nevada. This zone represents the gradual transition from relatively light near-surface granitoids through increasingly mafi c granulites to dense and eclogitized garnet-clinopyroxenite. We view this as a petrologic Moho (Fig. 19 ) coincident with the location of intact residue. Several measurements of low heat fl ow locate near or within this region. The boundary between petrologic and delamination Moho southwest of Yosemite National Park lies adjacent to juxtaposed localities of older arclogite-bearing xenoliths and younger xenoliths that record the invasion of asthenosphere. This suggests that foundering stalled in its westward progression across the south-central Sierra Nevada (Fig. 19) . The southward extent of the petrologic Moho forms a salient within delaminated crust and appears to have resisted foundering (Fig. 12 [I-I′] ).
Moving northward along the front of the western foothills, receiver functions show intracrustal structure above the petrologic Moho. These structures gradually transition into a discrete, somewhat ragged conversion beneath much of the northern foothills. To the east and north, a somewhat brighter and more coherent Moho appears initially offset from this foothills Moho. We interpret this as a Tertiary or younger tectonic Moho, which underlies much of the northern Sierra Nevada and a portion of the northern and southern Walker Lane. Its amplitude remains lower than the delamination Moho, but higher than the petrologic Moho. We infer that its brightness stems not from sharpening due to the removal of lithospheric mantle, but rather from sustained tectonic reworking due to encroachment of the Basin and Range extension and ongoing magmatic processes such as the episode of dike injection associated with the Lake Tahoe earthquake swarm ). An alternative explanation is that this region underwent an earlier episode of foundering not manifested in presently recognized patterns of volcanism or xenoliths. Future studies of the batholith in this region are necessary to establish if this portion of the batholith did develop a signifi cant residue.
Our fi nal interpretation for ongoing lithospheric removal focuses on the central Sierra Nevada. Gravitationally unstable arclogite founders westward beneath the batholith at 37°-38° N (Fig. 20 [K-K′] ). The Moho throughout the eastern Sierra Nevada and western Walker Lane has been reworked due to the recent removal of its underlying lithospheric mantle and ongoing interaction with upwelling asthenosphere. The upwelling produces partial melt that penetrates into the thinned overlying lithosphere. Moving westward, the abrupt change in character of the Moho over ~15 km indicates a rapid transition to thick batholithic residue in the lower crust and upper mantle beneath the axial Sierra Nevada batholith. Earthquakes along this transect capture different stages of the foundering process. Along the Great Valley, a zone of seismicity (e.g., Hurd et al., 2006) directly overlies the area where the petrologic Moho occurs over a large depth interval and relates to an initial stage of detachment. We suggest that along the western perimeter of the delamination Moho, long-period earthquakes mark the wedging process where basaltic melts intrude into the lower crust or a low viscosity channel that is actively propagating along the Moho in response to foundering (cf. Le Pourhiet et al., 2006) . Decompression melting of rising asthenosphere and subsequent intrusion of melts provides a potential mechanism for triggering these earthquakes. The overlying swarm of crustal seismicity, located as a pipe-like feature (Hurd et al., 2006) , may relate to subsequent fl uid movement. Farther eastward, infl owing asthenosphere provides a source of magmas for the Long Valley caldera. Whereas both large-scale volcanism and seismicity exist along this corridor, the petrologic Moho and inferred residue persists northward ). This zone appears to be in an earlier stage of removal. With the northward migration of the slab edge, foundering may proceed roughly from south to north. In the case of the north-central batholith (N-N′), the residue remains relatively undisturbed beneath the central axis of the batholith, coinciding with a general reduction in elevation of the range.
CONCLUSIONS
Phase-weighted, CCP stacks of high-quality teleseismic receiver functions produce an extensive set of observations related to the structure and properties of the crust and upper mantle across the Sierra Nevada and vicinity. The dense data set assembled with the Sierra Nevada EarthScope Project provides new evidence for the presence and ongoing removal of gravitationally unstable, mafi c-ultramafi c residue. Our data demonstrate that Vp/Vs estimates from CCP stacking may provide more robust and reliable estimates than those produced automatically for individual stations. These measurements show generally lower Vp/Vs across the Sierra Nevada, with pockets of higher Vp/Vs coinciding with recent volcanic centers in the eastern Sierra Nevada and outcrops of ultramafi c rocks in the northern Sierra Nevada. Receiver functions sampling the mafi c lower crust beneath the western Sierra Nevada batholith allow study of the frequency dependence of the Ps conversion generated by gradational Moho. Subsequent receiver-function modeling demonstrates the importance of considering several frequency ranges to map structure.
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